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Abstract 
The response of HT29 cells to aradrenoceptor ago-
nists was investigated by X-ray microanalysis. Treat-
ment of the cells with 10 µM UK14,304, an a 2-agonist, 
resulted in a rise of intracellular Cl and Na, suggesting 
an antisecretory effect. When the cells were exposed to 
yohimbine or RX821002, both of which are arantago-
nists, the former had no effect, whereas the latter pro-
duced a minor decrease of the cellular Na, Cl and K 
concentrations. However, when the cells were pre-
treated with yohimbine, UK14,304 induced a transient 
change in ion concentrations, which consisted of a rapid 
increase of intracellular Cl, Na and a decrease of K at 
1 and 5 minutes. Concurrently, a marked increase in in-
tracellular Ca was found. This transient change could 
also be induced by different doses of UK14 ,304 (100 
nM or 10 µM) after preincubation with yohimbine (0.3 
µM or 3 µM). In contrast, UK14,304 did not elicit a 
similar response after pretreatment of the HT29 cells 
with RX821002 . Also, yohimbine did not affect the ion 
content of the cells after pretreatment with UK14,304. 
These results indicate that yohimbine may have a spe-
cific effect by which the cells are sensitized to the ion 
transient induced by UK14,304. 
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Introduction 
The HT29 cell line derived from human colon 
adenocarcinoma is a useful model system to study the 
pathophysiology of ion transport in the intestinal epitheli-
um (Lohrmann et al . , 1992; Fogg et al . , 1994). Previ-
ous studies with cAMP in HT29 cells have demonstrated 
a decrease of intracellular Cl and K after exposure to ex-
traneous cyclic adenosine monophosphate (cAMP), indi-
cating a promoting secretory effect (Kunzelmann et al. , 
1992; von Euler and Roomans, 1992). The effect of 
cAMP has been implicated in activation of Cl channels 
in the apical membrane and K channels in the basolateral 
membrane of intestinal cells . On the other hand, the in-
hibitory control of secretion may be related to arad-
renoceptor-mediated actions since activation of a 2-adre-
noceptor results in a decrease of intracellular cAMP 
(Devedjian et al., 1991; Remaury et al., 1993), which 
in tum reduces secretion of mucus and electrolytes, 
inhibits gut motility and regulates ion channels in the 
intestinal epithelium (Berlan et al., 1992; Hildebrand et 
al . , 1993; Matthews et al., 1994). It has been demon-
strated that aradrenoceptor is abundantly present in the 
membrane of HT29 cells (Turner et al., 1985; Bylund 
et al., 1989). According to the current classification, 
the class of aradrenoceptors on HT29 cells is identified 
as the a 2A subtype (Bylund, 1992; Bylund et al., 1992). 
However, little is known about ion response to a 2-adre-
noceptor agonists in intestinal cells. In the present 
study, the effect of aradrenoceptor drugs on ion trans-
port in HT29 cells was investigated by X-ray micro-
analysis. 
Materials and Methods 
Chemicals 
UK14,304 (5-bromo-6-(2-imidazoline-2-ylamino)-
quinoxaline) was from Pfizer (Sandwich, U.K.). 
Yohimbine was from Sigma (St. Louis, MO, USA). 
RX821002 (2- (2- methoxy- 1,4- benzodioxan -2-yl) -2-
imidazoline) was from Reckitt & Colman (Kingston 
upon Hull, U.K.). Millipore filters were from Millipore 
Corp. (Bedford, MA, USA). Reagents of analytical 
grade were used. 
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Cell culture 
HT29 human colon adenocarcinoma cells were 
grown in Dulbecco's modified Eagle's medium (DMEM) 
supplemented with 10% heat-inactivated fetal calf serum 
(FCS), penicillin (100 IU/ml) and streptomycin (100 
µg/ml) at 37°C in a humidified atmosphere of 95 % air 
and 5 % CO2. Sub-confluent cells were harvested with 
1 mM ethylenediaminetetraacetic acid (EDTA) in Hank 's 
solution without Ca and Mg, and seeded on Millipore 
filters or titanium (Ti) grids coated with Formvar film. 
The cells attached to the filters or grids were placed into 
the culture medium, and allowed to grow for 2-3 days 
before treatment. 
Experimental procedures 
Sample preparation for microanalysis was performed 
essentially as described previously (von Euler and 
Roomans, 1992; von Euler et al., 1993). The cells 
grown on the filters or grids were quickly rinsed in 
Ringer's solution (140 mM NaCl, 5 mM KCI, 1 mM 
MgCl2, 1.5 mM CaCl2, 5 mM Hepes, and 5 mM glu-
cose, pH 7.4) and placed in drops containing different 
agonists or antagonists, respectively. Dependent on the 
experimental design, the cells were incubated with dif-
ferent doses of the drug for various periods of time at 
22°C. In blocking experiments, the cells were first in-
cubated with yohimbine or RX821002 to occupy the a 2-
adrenoceptors, and then incubated with UK14,304. The 
incubation was terminated by rinsing the filters or grids 
in running distilled water for 5 seconds to remove the 
drug and solution. After rinsing the cells, the filters or 
grids were frozen in liquid propane cooled by liquid ni-
trogen (about -190°C), and transferred to a conventional 
cryostat to dry overnight at -30°C. Some grids or filters 
were dried in a freeze-drier at -80°C and 10-3 torr, but 
no significant differences between the different methods 
of freeze-drying were observed. The dried filters and 
grids were covered with a conductive carbon layer to 
avoid charging during examination in the electron 
microscope. 
X-ray microanalysis 
The cells grown on Millipore filters were examined 
in a Philips (Eindhoven, Netherlands) 525 scanning elec-
tron microscope with a Link (Oxford Instruments, High 
Wycombe, U.K.) AN 10000 energy-dispersive X-ray 
microanalysis system at 20 kV. The cells frozen on 
grids were analyzed in a Philips 400 transmission 
electron microscope at 100 kV. Quantitative analysis 
was based on the ratio of the characteristic peak to the 
continuum. In the case of analysis of cells on grids in 
the transmission electron microscope the LINK Quantem 
program was used and continuum was corrected for con-
tribution from extraneous sources, such as grid and 
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specimen holder (von Euler et al., 1992). In the case of 
analysis of cells on filters in the scanning electron mi-
croscope, the LINK ZAF P/B program was used. The 
obtained values of peak/continuum were compared with 
peak/continuum values obtained from the spectra from 
a standard, consisting of known concentrations of min-
eral salts in a 20 % gelatin / 5 % glycerol matrix, frozen 
and cryosectioned (Roornans and Seveus, 1977). A cor-
rection for differences in average atomic number be-
tween specimen and standard, using the correction factor 
Z2/A (where Z is atomic number and A is atomic 
weight) (reviewed in Roomans, 1988) was applied by the 
software. Each spectrum was acquired for 100 seconds. 
The data from cells grown on filters were in good agree-
ment with those of cells grown on grids; no distinction 
was therefore made between the data sets relative to 
substrate. 
Statistical analysis 
The data was analyzed by using an unpaired 
Student's t-test and a linear correlation analysis. Only 
one spectrum was obtained from each cell. The values 
determined are given as mean ± standard deviation 
(SD). Differences were considered to be significant at 
p values < 0 .05. 
Results 
Treatment with 10 µM UKI4,304 caused a transient 
slight decrease of intracellular Na and Cl at 1 and 5 
minutes, followed by a marked increase in Na and Cl at 
15 and 30 minutes (Fig. 1). Intracellular K was slightly 
increased from 5 to 30 minutes. A lower dose of 
UK14,304 (100 nM) caused an increase of Cl and K 
during the period of observation (not shown). Treatment 
with yohimbine (0.3 µMor 3 µM) did not affect the ele-
mental composition of the cells significantly (Fig. 2). 
When the cells were pretreated with 3 µM yohim-
bine for 30 minutes, addition of 10 µM UK14,304 in-
duced a marked , but transient change in elemental com-
position: a rapid increase in intracellular Na and Cl with 
a concomitant decrease in Kat 5 minutes. The elemen-
tal concentrations returned to about normal at 15 minutes 
(Fig. 3a). In this experiment, a marked transient in-
crease in Ca was also noted at 5 minutes; the Ca values 
returned to normal at 15 minutes (Fig. 3b). In an ex-
periment with lower doses of yohimbine (0.3 µM) and 
UK14,304 (100 nM), the effect of shorter incubation 
times on ion response was further investigated. As 
shown in Figure 4, combination of low doses of yohim-
bine and UK14,304 also elicited an increase in Na and 
Cl, and a decrease in K. Also in this case, an increase 
in Ca was noted (data not shown). Moreover, the 
longer the incubation time with yohimbine, the more 
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Figure 1. Effects of UK14,304 on the concentration of 
Na, Cl and K in HT29 cells. Cells were treated with I 0 
µM UK14,304. Values are means ± SD of 80 cells for 
each treatment. Significant differences from control 
values are indicated by* p < 0.05 , ** p < 0.01 or*** 
p < 0.001, respectively. 
~uu ...------------------~ 
"' ~ o 400 
E 
_§_ 
"§ 200 
i: 
" 0 
C 
0 
<.J 
0 
■ Control 
0 YOH 1 min 
■ YOH 5 min 
0 YOH 15 min 
Na Cl K 
Figure 2. Effects of yohimbine on the concentration of 
Na, Cl and K in HT29 cells. Other legends as in Figure 
1. 
pronounced was the response to UK14,304 . In these ex-
periments, a close correlation between Na and Cl was 
always observed (Fig. 5). When the order of the drugs 
was reversed, i.e., if the cells were first incubated with 
UK14,304 and then with yohimbine, no significant 
changes in the ion concentrations were observed (Fig. 
6) . To investigate whether the response to UK14 ,304 
was associated with aradrenoceptors, the cells were 
pretreated with RX821002 instead of yohimbine to block 
aradrenoceptors. As shown in Figures 7 and 8, al-
though RX821002 (1 µM) produced a slight decrease of 
intracellular Na, Cl and K, pretreatment with RX821002 
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Figure 3. (a) Changes in K, Na and Cl concentrations 
in HT29 cells induced by 10 µM UK14,304 after pre-
treatment with 3 µM yohimbine for 30 minutes (n = 
100). (b) Changes in Ca concentrations in the same ex-
periment. Significant differences from control values 
are indicated by* p < 0.05 , ** p < 0.01, or*** p < 
0.001, respectively . 
(1 µM) followed by UK14,304 (10 µM) did not evoke 
a time-dependent change of the elemental concentrations, 
in contrast to the transient change in ion concentrations 
induced by UK14,304 after pretreatment with yohim-
bine . 
Discussion 
Good agreement was found between data obtained 
on cells grown on filters and cells grown on grids. This 
is probably due to the fact that HT29 cells on Millipore 
filters grow in sheets 2-3 cell layers thick; under these 
conditions, the contribution of the substrate to the spec-
trum appears to be negligible. This notion was support-
ed by the finding that the peak-to-background ratios for 
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Figure 4. Changes in ion concentrations in HT29 cells 
induced by 100 nM UK14,304 after pretreatment with 
0.3 µM yohimbine for 1 or 5 minutes (n = 60). Signif-
icant differences from control values are indicated by 
*** p < 0.001. 
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Figure 5. Relationship between Na and Cl in HT29 
cells grown on filters, and treated with 3 µM yohimbine 
for 30 minutes and 10 µM UK14,304 for 5 minutes and 
analyzed in the scanning electron microscope. The data 
(one point represents one cell analyzed) show a positive 
correlation (r = 0.81, p < 0.001) between Na and Cl. 
the elements of interest did not increase when the accel-
erating voltage was lowered to 10 kV (data not shown). 
Hence, both data sets could be used without distinction 
as to substrate and fully quantitative data could be ob-
tained. When cells grow in monolayers on a solid sub-
strate, the substrate generally contributes to the spectrum 
and only relative concentrations can be calculated, al-
though this does not preclude investigations of the ef-
fects of pharmacological agents on the elemental compo-
sition of the cell (Hall et al., 1994; Beesley et al., 
1995). 
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Figure 6. Elemental composition ofHT29 cells after in-
cubation in UK14,304 for 30 minutes followed by incu-
bation with yohimbine (n = 56). No significant changes 
in the concentration of Na, Cl and K were observed. 
The most interesting finding in this study is the 
transient change in the ion concentration in HT29 cells, 
induced by UK14,304, but only seen after pretreatment 
with yohimbine. As described in Results, UK14,304 
alone has an antisecretory effect on the cells, whereas 
yohimbine has almost no effect. This is in agreement 
with previous studies where yohimbine did not show sig-
nificant effects on ion transport in colon epithelium 
(Sellin and De, 1987; Yarrow et al., 1991). Previous 
studies have also shown that when cells were stimulated 
by agents such as forskolin, vasoactive intestinal poly-
peptide (VIP) or prostaglandin E2 (PGE2), subsequent 
addition of a 2-adrenoceptor agonists including UKl 4,304 
and clonidine can attenuate the effects of cAMP accumu-
lation, alter ion responses and produce an anfo,ecretory 
effect (Paris et al., 1987; Cox and Cuthbert, 1989; 
Clark et al., 1990). Since UK14,304 used alone has an 
antisecretory effect on ion transport in the cultured cells, 
such an effect was expected to be blocked by pretreat-
ment with yohimbine. However, we observed a tran-
sient change of ion content, with a rapid increase of Na 
and Cl and decrease of K in the cells. 
It is of interest that a similar transient increase in 
Na and Cl, and a decrease in K was observed by 
Beesley et al. (1995) when a vulva! epidermal cell line 
was treated with epidermal growth factor. This effect 
was found to be associated with an increase in intracellu-
lar free Ca2+ ions. In the present study, the rise in Na 
and Cl, and the decrease in K coincides with a marked 
increase in the total intracellular Ca concentration. The 
present study confirms the notion that transient ion 
fluxes can be induced, probably by different mechanisms 
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Figure 7. Effects ofRX821002 on the concentrations of 
Na, Cl and K in HT29 cells: response to 1 µM 
RX821002 (n = 80). Significant differences from con-
trol values are indicated by * p < 0.05, or ** p < 
0.01, respectively. 
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Figure 8. Effects of RX821002 and UK14,304 on con-
centrations of Na, Cl and K in HT29 cells: response to 
10 µM UK14, 304 for different incubation periods after 
pretreatment with 1 µM RX821002 for 30 minutes (n = 
100); Significant differences from control values are 
indicated by* p < 0.05, or** p < 0.01, respectively. 
but with a final common pathway, i.e ., increased Na, Cl 
and Ca and decreased K. The exact mechanism of the 
response to UK14,304 in the presence of yohimbine is, 
however, not known. Several possibilities can be con-
sidered. Since both UK14,304 and yohimbine are 
thought to be selective drugs for a 2-adrenoceptors, the 
effect might be mediated by a 2-adrenoceptors. How-
ever, in the experiments where the a 2-adrenoceptor anta-
gonist RX821002 was used instead of yohimbine to pre-
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treat the cells, UK14,304 failed to induce similar 
changes in ion content, suggesting that the effects are 
specifically yohimbine-dependent. Therefore, the effects 
may be related to other actions of yohimbine on the 
cells, than those simply connected with a 2-adrenocep-
tors. In addition to blocking a 2-adrenoceptors, yohim-
bine has been reported to inhibit or interact with other 
receptors such as the serotonin receptor, the dopamine 
receptor and the a 1-adrenoceptor (Berlan et al., 1992), 
and to have a local anaesthetic effect (Lipicky et al., 
1978; Briggs and Meier, 1986). Although the exact 
mechanism of the yohimbine effect requires further 
study, the observation of the transient changes evoked by 
the combination of yohimbine and UK14,304 may be 
valuable in understanding the complex actions of a 2-
adrenoceptor drugs on ion transport and secretion in 
intestinal epithelia. 
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Discussion with Reviewers 
T. von Zglinicki: How do you exclude salt contamina-
tion from the outside of the cells, especially in the hypo-
thetical case that an incubation solution might become 
trapped between the cell layers? Does your treatment 
influence cell-to-cell contacts? How many independent 
experiments were performed? 
Authors : Salt contamination is a problem that occasion-
ally occurs. The data showing the transient changes in 
Na, Cl and K shown in Figures 3 and 4 are based on 
three independent experiments, both with cells grown on 
filters and with cells grown on grids. While the increase 
in Na and Cl could be explained by contamination, the 
decrease in K cannot (Fig. 3a) . The theoretical possi-
bility that the decrease in K could be caused by absorp-
tion of K X-rays in a layer of NaCl covering the cells 
could be exclud ed because the concentration of S re-
mained constant. Taking these arguments together, we 
do not believe that contamination can be an explanation 
for our findings . Your point about the possibility that 
our treatment influences cell-to-cell contacts is well 
taken. In preliminary transmission electron microscop-
ical (TEM) studies we did not observe morphological 
changes in the cell junctions after drug treatment. 
However , it is known that changes in cAMP and in 
Ca2 + can affect tight junctions (reviewed by Bentzel et 
al. , 1991 and Contreras et al. , 1991), and the drugs 
used in this study may indeed cause changes in intra-
cellular cAMP and Ca2 + levels. 
T. von Zglinicki: In the blocking experiments, was 
yohimbine still present during the further treatments? If 
not, would the continuous presence of yohimbine lead to 
a prolonged depolarization of the cells? 
Authors: No, the grid was removed from the yohim-
bine solution and transferred to the UK14,304 solution. 
We did not carry out experiments where yohimbine and 
X-ray microanalysis of HT29 cells 
UK14,304 were present at the same time. 
T. von Zglinicki: I understand that you did not meas-
ure cellular water contents, but some information on 
possible electrolyte fluxes could be gained by examining 
cell size and/or P and (possibly) S concentrations. Did 
you notice any changes in those parameters? 
A. Warley: The transient illustrated by treatment with 
yohimbine and UK14,304 illustrated in Figure 3 is quite 
spectacular; such high concentrations of ions might be 
expected to induce osmotic changes in the cells. Did 
you see any evidence for this? 
Authors: Beesley et al. (1995) have clearly shown cell 
swelling during the transient response of epithelial cells 
involving an increase in Na and Cl. We are still in the 
process of carrying out a morphological evaluation of 
the effect, although preliminary data point to less 
dramatic changes compared to those observed by 
Beesley et al. (1995) . The cells are analyzed in the 
freeze-dried state, and the analysis comprised a relative-
ly large portion of the cells. Therefore, changes in 
water content that could have occurred during incubation 
should theoretically not show up in the analytical results. 
In agreement with this, significant changes in P and S 
correlating with changes in Na and Cl were not 
observed. 
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A. Warley : I am a little puzzled by the results in Fig-
ures 3 and 4, which show markedly different quantitative 
effects of pretreatment with yohimbine followed by 
incubation with UK14,304 for different periods of time. 
Would you like to explain these observations? 
Authors : Since we do not know the mechanism respon-
sible for the transient, it is difficult to answer this 
question. However, it should be pointed out that Fig-
ures 3 and 4 do not only differ in the length of the in-
cubation time, but also in the dose of yohimbine used (3 
µM in the experiment of Fig. 3 and 0.3 µM in the ex-
periment of Fig. 4) . Hence , the effect observed might 
also be dependent on the concentration of yohimbine 
used. 
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